Introduction
============

Knowledge of water movement in plants is critical to plant growth, land--atmosphere exchanges and management of forest watersheds ([@bib18], [@bib17]). In the natural world, water transport from the soil into plants and from plants into the atmosphere is largely dependent on five environmental parameters: wind, radiation, temperature, humidity, and soil moisture.

Among them, wind has long been recognized as an important factor influencing plant transpiration. [@bib8] measured the transpiration of *Festuca* *arundinacea* Schreb under two different wind speeds (1.1 m s^−1^ and 7.5 m s^−1^) and two levels of soil water in a controlled-environment wind tunnel. Transpiration was increased at high wind speed and accompanied by leaf water stress. In consequence, the growth of the leaf area was reduced as wind speed increased. [@bib2] used porometry to study the effect of wind on stomatal resistance of grapevine cultivars in the field. Their results show that wind increases stomatal resistance in an exponential manner. Wind speeds \>4 m s^−1^ reduced the estimated evapotranspiration compared with wind speeds \<4 m s^−1^. [@bib13] studied the effects of wind speed on photosynthesis of tomato seedlings in a wind tunnel-type chamber. The net photosynthetic rate of the plant canopy increased with increasing wind speed and was saturated when wind speed above the canopy was \>0.4 m s^−1^.

In addition to the steady-state effects of wind on plant processes, wind is a vital parameter that typically shows large temporal variations. Variable wind speed creates unsteady effects on sap flow, due to internal dynamics responses in plants. For example, it has been discovered that the maximum water uptake rate by the roots lags behind the maximum transpiration rate ([@bib6]). Resistance--capacitance models have been used to explain the unsteady water flow through plants (e.g. [@bib12]). [@bib15] calculated the cross-correlation function between the time series of latent heat flux and sap flow data of *Pinus taeda* L. and found maximum correlation at ∼30 min time lag. They incorporated a time constant parameter into the resistance--capacitance model and estimated the time constant to be ∼48 min for loblolly pine trees. The term 'time lag' refers to a time offset between flows at two separated points in a flow system. However, the 'time constant' is defined as time taken for sap flow to reach 63.2% of its steady sap flow velocity when subjected to a step change in plant transpiration.

Furthermore, [@bib16] used the transient response of sap flow to short-term variations in transpiration rate to calculate the hydraulic resistance and capacitance of trees. After a step change in transpiration at time *t* = 0, the sap flow velocity can be described by the following equation:where *A*~o~ and *A*~1~ are constants, βτ is the total system time constant, τ=*R*~c~*C* (time constant of a capacitive hydraulic pathway in parallel with an axial water transport pathway), β=(*R*~c~ + *R*~s~)/*R*~c~, where *C* is bulk tissue capacitance, and *R*~s~ and *R*~c~ are axial hydraulic resistance and tissue resistance associated with storage and withdrawal of water in xylem tissue, respectively. The bulk tissue capacitance *C* results in an overall time constant of (*R*~c~ + *R*~s~)*C*, which is in a series arrangement of resistances charging *C*. It results from the separation of water flow into a straight flow (along the xylem) and another one for charging the tissue (the latter decaying with time). Before the step change, the sap flow velocity *V*=(*A*~1~--*A*~o~)/β at time *t* ≤0. When time *t* ≫βτ, sap flow velocity *V*=(*A*~1~--*A*~o~). This analytical approach, extended to consider pulse, ramp, and half-sinusoid driving functions, worked well in describing the general patterns of tree diurnal water uptake, including the morning decoupling between transpiration and uptake, and the evening tail of uptake after transpiration approached zero. It is important to emphasize that the hydrodynamics described above are of a different nature from the dynamics of hydraulic pressure wave propagation in plants, which operate on much faster time scales (e.g. [@bib11]; [@bib14]).

On the other hand, nocturnal sap flow and transpiration rate have been investigated recently. [@bib7] studied the nocturnal sap flow of trees and shrubs. Their results showed that the nocturnal sap flow correlated well with vapour pressure deficit (VPD) and temperature, but the influence of wind speed on night-time transpiration was insignificant. [@bib3] used porometry, stable isotope tracer and heat ratio sap flow sensors to study the night-time transpiration rate of a variety of vegetation types. They found that night-time transpiration rates exceeded 20% of the maximum transpiration rate measured at noon under warm and dry summer conditions; on some occasions night-time transpiration rates exceeding 40% of maximum were observed.

Numerous studies have used Granier-type (thermal dissipation) sensors to measure water flow in plants. However, it has recently been suggested ([@bib1]) that the Granier-type sensor may have a time constant associated with its intrinsic heat capacitance that delays the response of the sensor to changing sap flow conditions. Therefore, they suggested that care should be taken when using Granier-type sensors to estimate the hydraulic capacitance of trees. It was further asserted that in this respect heat pulse methods have an advantage. However, the arguments presented in [@bib1] do not yet have the support of experimental evidence.

Based on the studies cited above, there is a need to elucidate the role of wind on the transient behaviour of sap flow and the putative heat capacitance problem of Granier sensors. This study first measures the time constant of the Granier sensor, then uses a Granier sensor to investigate the response of sap flow under step change of wind speed, in both the daytime and the night time. The transpiration rates measured by the gravimetric method are also compared with the sap flow results.

Materials and methods
=====================

A Granier-type heat dissipation sensor was used in this study. Granier sensors were constructed according to methods described in [@bib9], [@bib10]. The sensor was calibrated and tested for its transient time response in a co-axial cylindrical tube containing porous media. The schematic diagram of the calibration set-up is shown in [Fig. 1](#fig1){ref-type="fig"}. The height of the tube was 60 cm, and the diameters of the inner and outer tubes were 2.5 cm and 7.0 cm, respectively. The space between the inner and outer tubes was filled with plastic beads of diameter 1.0--2.0 mm to moderate flow rates. Water was supplied by a constant head tank to provide a steady flow rate between the tubes. The flow rate could be controlled by a valve. The water flowed from the bottom of the tube to the top in order to simulate the direction of water flow through plant xylem. Once the water overflowed at the top of the inner tube, it flowed down through the inner tube to a bucket. The flow rate was measured by a stop watch and electronic weight (BH-300, Excell Co.) with a resolution of 0.01 g.

![Schematic diagram of the calibration set-up. The valve can be used to control the flow rate in the co-axial cylindrical tube filled with plastic beads. The flow rate was measured by the weighting bucket. (This figure is available in colour at *JXB* online.)](jexbotern282f01_3c){#fig1}

The heated probe was coated with silicon heat-conducting paste and inserted into a 2 mm (outer) diameter aluminium tube, and this apparatus was then inserted into a hole drilled through the outer wall of the cylinder into the space between the inner and outer tubes. The reference probe was similarly installed 10 cm upstream. Entry points of the sensors were sealed so that no water escaped from the cylinder via sensor entry points.

Because there was no hydraulic capacitance in the calibration tube that would cause delays in water movement past the sensor, any dynamic changes in probe temperature in response to step changes in flow rate reflected the thermal response time of the sensor itself. In contrast, in real plants, the sensor response time reflected a combination of intrinsic sensor thermal response and the genuine hydrodynamic response of sap flow to step changes in transpiration demand. The differential voltage, which was proportional to the temperature difference across the probes, was measured by a nano-voltmeter (34420A, Agilent Inc.) with a resolution of 1×10^−9^ V.

In order to test the transient response of the sensor, the valve in the calibration set-up was suddenly opened. [Figure 2](#fig2){ref-type="fig"} shows the transient response of the sensor output voltage when flow velocity in the calibration tube suddenly changed from 0 μm s^−1^ to 190 μm s^−1^. The sensor output voltage *E*(*t*) was fitted to the exponential curve: where *T*~s~ is the time constant of the sensor, *E*~o~ is the initial voltage (maximum voltage) when the velocity is zero, and *E*~1~ is the steady voltage when water is flowing. The time constant (time to reach 63.2% of maximum voltage) *T*~s~ equals 1.1 min in this case. This transient response was tested for several other flow velocities (18, 60, and 106 μm s^−1^) and the time constants were all \<1.5 min.

![Transient response of the sap flow sensor as the flow velocity in the calibration tube suddenly changes from 0 μm s^−1^ to 190 μm s^−1^. The symbols are measured data and the line is the prediction of [Eqn (2)](#fd2){ref-type="disp-formula"} with time constant *T*~s~=1.1 min. (This figure is available in colour at *JXB* online.)](jexbotern282f02_3c){#fig2}

[@bib4], *b*) studied the influence of the natural temperature gradient on the performance of a thermal dissipation sensor. They applied cyclic heating on the sensors inserted in an artificial hydraulic column and in the trunk of an *Acacia* tree in the field. Their results reveal that it takes 1 min to reach 74% and 5 min to reach 90% of the maximum temperature difference once the heater was switched off. This is close to the sensor performance shown in [Fig. 2](#fig2){ref-type="fig"}. As [@bib1] suspected, when the sap flow velocity is zero, the heat will accumulate around the sensor, and it will take some time to 'wash' away the heat once the sap flow commences. However, the present experimental evidence and the results of [@bib5] show that it takes ∼1 min to wash away the accumulated heat. Once the heat has been washed away, even at low flow rates, the sensor response from one flow rate to another flow rate is rather fast (\<1 min).

The calibration curve relating flow velocity *V* to steady output voltage:where *K* is the flux index:where *E*~o~ is the output voltage when flow velocity *V* is equal to zero, and *E*~v~ is the output voltage when the sap flow is moving. [Figure 3](#fig3){ref-type="fig"} compares the original curve of [@bib10] with measured data from the calibration tube. The dashed line is the prediction of [Eqn (3)](#fd3){ref-type="disp-formula"} with new calibration constants *a*=106×10^−6^ m s^−1^, *k*=1.184, *R*^2^=0.9778. The calibration constants were very close to the constants *a*=119×10^−6^ m s^−1^, *k*=1.231 suggested by [@bib10].

![Calibration curve of the sap flow sensor. The symbols are measured data, the solid line is the original curve of [@bib10], and the dashed line is the prediction of [Eqn (3)](#fd3){ref-type="disp-formula"} with new calibration constants. (This figure is available in colour at *JXB* online.)](jexbotern282f03_3c){#fig3}

The wind speed experiment was carried out in an open-circuit suction-type wind tunnel. Its test section is 3.0 m wide, 2.1 m high, and 18.5 m long. A potted plant of the species *Pachira macrocarpa* was placed on the floor of the test section. The total height of the plant was 93 cm, stem height was 63 cm, and basal diameter was 6.5 cm. Styrofoam was used to insulate the sensor from the potential cooling effects of the wind. The air temperature and relative humidity inside the wind tunnel were measured by a hygrotransmitter (HD9008TR, Delta Ohm Inc.) and recorded by a data logger (CR10X, Campbell Scientific Inc.) throughout the experiments.

Before each wind speed experiment, the plant was well watered and the water was allowed to drain through a small hole at the bottom of the pot for at least 3 h. Soil moisture in the pot was measured by a moisture sensor (EC10, Decagon Inc.). Volumetric water content was ∼0.35 throughout the experiments. During measurement periods, the soil surface was covered with a plastic bag to prevent evaporation from the soil. The weight of the plant before and after each experiment was measured by an electronic scales (24HG-30KS, Shinko Denshi Inc.) with a resolution of 0.10 g. The plant transpiration rate was calculated by dividing the weight loss by the duration of experiment (3--8 h).

Results and discussion
======================

Once the wind tunnel fan was turned on, it took ∼1--2 min to reach a steady wind speed in the test section. As shown in [Fig. 4](#fig4){ref-type="fig"}, when the wind speed suddenly changed from 0 m s^−1^ to 2.0 m s^−1^, the sap flow velocity *V*(*t*) gradually increased from 0.5 μm s^−1^ to 3.0 μm s^−1^. It took 25--30 min for the sap flow velocity to reach a steady value. After that, the wind speed was adjusted from 2.0 m s^−1^ to 4.0 m s^−1^ in 1 min, and the sap flow again took ∼30 min to reach a new steady value of 6.0 μm s^−1^. The transient behaviour of sap flow when the wind speed changed to *U*=6.0 m s^−1^ and 8.0 m s^−1^ is also shown in [Fig. 4](#fig4){ref-type="fig"}. This information indicates that the response time of sap flow is much longer than the time constant of the sensor (*T*~s~=1.1 min). Therefore, the Granier-type sensor can be used to examine the transient behaviour of sap flow.

![Time course of sap flow velocity as the wind speed go through a series of step changes. The height of the stem of the plant is 63 cm. For each wind speed change, it took 25--30 min for the sap flow velocity to reach a steady value. (This figure is available in colour at *JXB* online.)](jexbotern282f04_3c){#fig4}

In order to investigate the effect of stem height on the time constant, two *P. macrocarpa* plants were tested at the same wind speed change (from 0 m s^−1^ to 6.0 m s^−1^). [Figure 5](#fig5){ref-type="fig"} compares the transient behaviours of the taller plant (stem height 63 cm, diameter 6.5 cm) with that of the shorter plant (height 19 cm, diameter 5.8 cm) as the wind speed suddenly changed from 0 m s^−1^ to 6.0 m s^−1^. The vertical distances between the heated probe and reference probe were 10 cm for both plants. The reference probe was 5 cm from the soil surface for the shorter plant, but 30 cm for the taller plant. The numbers of leaves of the two plants were about the same.

![Time courses of sap flow velocity of taller stem (height 63 cm) and shorter stem (height 19 cm) plants as the wind speed suddenly increases from 0 m s^−1^ to 6.0 m s^−1^. The symbols are measured data and the solid and dashed lines are the predictions of [Eqn (5)](#fd5){ref-type="disp-formula"}. The time constant for the taller plant is *T*~c~=28.8 min, and for the shorter plant is *T*~c~=9.1 min. (This figure is available in colour at *JXB* online.)](jexbotern282f05_3c){#fig5}

A simplified version of [Eqn (1)](#fd1){ref-type="disp-formula"} was utilized to describe the transient behaviour of sap flow to a sudden change of wind speed:where *V*~s~ is the steady sap flow velocity after the change and *T*~c~ is the time constant of the transient response (equal to the total system time constant βτ). Based on the measured data, the time constants for the data shown in [Fig. 5](#fig5){ref-type="fig"} are calculated. The lines are the predictions of [Eqn (5)](#fd5){ref-type="disp-formula"}. The time constant of the taller plant is *T*~c~=28.8 min, and that of the shorter plant is *T*~c~=9.1 min. As can be seen, the steady sap flow velocities are very close, but the shorter plant responds faster than the plant with the taller stem. This is consistent with the taller plant having a greater total effective hydraulic resistance and/or capacitance, the product of which should lead to a larger time constant.

The taller plant was used to test the repeatability of the wind speed experiment. For a step change of wind speed from 0 m s^−1^ to 2.0 m s^−1^, the same experiment was performed three times on different days. The time constants were *T*~c~=20.9, 20.0, and 20.1 min, respectively. The difference was within 3.0%.

Wind speed experiments were carried out for the taller plant during the night-time (without any artificial light). [Figure 6](#fig6){ref-type="fig"} shows the time course of nocturnal sap flow as the wind speed suddenly increased from 0 m s^−1^ to 6.0 m s^−1^. The time constant *T*~c~=30.3 min was very close to the time constant *T*~c~=28.8 min during the daytime under the same wind speed change. However, the steady sap flow velocity *V*~s~=4.4 μm s^−1^ is smaller than the value *V*~s~=7.8 μm s^−1^ in the daytime under the same wind speed of 6.0 m s^−1^, as shown in [Fig. 5](#fig5){ref-type="fig"}. For the night-time experiment, the same wind speed change (from 0 m s^−1^ to 6.0 m s^−1^) was repeated 1 week later, and the time constant was *T*~c~=29.4 min; the difference between two night-time experiments was 3.0%.

![Time course of nocturnal sap flow as the wind speed suddenly increases from 0 m s^−1^ to 6.0 m s^−1^. The symbols are measured data and the solid line is the prediction of [Eqn (5)](#fd5){ref-type="disp-formula"} with time constant *T*~c~=30.3 min. The plant stem height is 63 cm. (This figure is available in colour at *JXB* online.)](jexbotern282f06_3c){#fig6}

The time course of sap flow in the taller plant as the wind speed suddenly decreased from 8.0 m s^−1^ to 2.0 m s^−1^ in the daytime is shown in [Fig. 7](#fig7){ref-type="fig"}. In order to fit the measured data, [Eqn (5)](#fd5){ref-type="disp-formula"} is modified as: The sap flow velocity *V*=*V*~s~ when time *t*=0. As the wind speed decreases, the sap flow velocity *V*=*V*~s~/β when time *t*≫*T*~c~. In this way, the value β\>1 is consistent with β=(*R*~c~ + *R*~s~)/*R*~c.~ The solid line in [Fig. 7](#fig7){ref-type="fig"} is the prediction of [Eqn (6)](#fd6){ref-type="disp-formula"} with the time constant *T*~c~=9.0 min. It is shorter than the time constant *T*~c~=28.8 min for the wind speed suddenly increasing from 0 m s^−1^ to 6.0 m s^−1^. This implies that plants respond faster to stopping the withdrawal of water from xylem tissue than starting to withdraw water from the same tissue.

![Time course of sap flow as the wind speed suddenly decreases from 8.0 m s^−1^ to 2.0 m s^−1^. The solid line is the prediction of [Eqn (6)](#fd6){ref-type="disp-formula"} with the time constant *T*~c~=9.0 min. (This figure is available in colour at *JXB* online.)](jexbotern282f07_3c){#fig7}

[Figure 8](#fig8){ref-type="fig"} shows the relationship between the steady sap flow velocity *V*~s~ and wind speed *U*. As can be seen, the steady sap flow velocity *V*~s~ increases as wind speed *U* increases at low wind speed (*U* \<7.0 m s^−1^). However, the increase in sap flow velocity slows down when the wind speed exceeds 8.0 m s^−1^. Under the same wind speed, the steady sap flow velocities *V*~s~ during the night-time are smaller than those during the daytime. The ratio between night-time and daytime sap flow velocities is in the range 66--70%. This indicates only very modest stomatal closure at night. The values determined are larger than the observations of [@bib3]. This is because they compared the values with the maximum transpiration rate measured at noon. However, the present measurements were not under the influence of radiation.

![Relationship between steady sap flow velocity *V*~s~ and wind speed *U* for daytime and night-time experiments. The plant stem height is 63 cm. (This figure is available in colour at *JXB* online.)](jexbotern282f08_3c){#fig8}

Due to the fact that the wind speed experiments were conducted in an open-type wind tunnel, air temperature and humidity were not controlled. The air temperatures were in the range of 24--29 °C and the VPD ranged from 0.6 kPa to 2.0 kPa for the daytime experiment. For the night-time experiment, air temperatures ranged between 20 °C and 22 °C, and the VPD ranged between 0.3 kPa and 0.73 kPa.

[Figure 9](#fig9){ref-type="fig"} shows the effects of wind speed on the transpiration rate as calculated gravimetrically. The transpiration rate increased with increasing wind speed but the rate of increase diminished when the wind speed exceeded 8.0 m s^−1^. Again, the night-time transpiration rate was smaller than the daytime transpiration under the same wind speed. The ratio between night-time and daytime transpiration rates was 49--53%. The reason that this ratio is smaller than that of the sap flow (66--70%) is because the duration of the transpiration experiments (3--8 h) included initial stages when the wind speed was stabilizing between two steady states.

![Relationship between wind speed *U* and transpiration rate for daytime and night-time experiments. The plant stem height is 63 cm. (This figure is available in colour at *JXB* online.)](jexbotern282f09_3c){#fig9}

The results in [Figs 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"} demonstrate that the influence of wind speed on sap flow and transpiration rate were quite significant. This is different from the observations of [@bib7]. It is believed that the shelter effect in natural forest reduces the wind speed and its influence on sap flow and transpiration. Thus, the results from the present study are most directly relevant to plants in sparsely vegetated areas, such as savannas or otherwise exposed plants.

[Figure 10](#fig10){ref-type="fig"} shows the relationship between the steady sap flow velocity *V*~s~ and transpiration rate of the daytime experiments. Based on the measured data, an empirical relationship (*R*^2^=0.935) can be found for the plant:where the sap flow velocity *V* is in \[μm s^−1^\], and the transpiration rate in \[g h^−1^\]. Based on the measured data, the effective area for sap flow in the stem can be estimated as: where ρ (=1.0 g cm^−3^) is the density of water. The ratio between the effective area and cross-section area of the stem is in the range 5.0--8.0%.

![Relationship between the transpiration rate and steady sap flow velocity *V*~s~ for daytime experiments. The plant stem height is 63 cm. (This figure is available in colour at *JXB* online.)](jexbotern282f10_3c){#fig10}

Conclusions
===========

The temporal response of the Granier-type sensor to a step change of flow velocity has been tested in an artificial set-up. The time constant of the sensor is ∼1 min. The sensor was then used to investigate the effects of wind on the sap flow of a well-watered *P. macrocarpa* plant in a wind tunnel. The experimental results demonstrate that the transient response of sap flow to a step change in wind speed can be described by the analytical model suggested by [@bib16]. Also, the response time of sap flow to wind speed change in this species was much longer than the time constant of the Granier sensor. In addition, it was found that the time constant of sap flow to a sudden change of wind speed is proportional to the height of the stem, but the steady sap flow velocity is independent of stem height.

Under the same wind speed change, the time constant of nocturnal sap flow is close to the time constant in the daytime. However, the steady sap flow velocity *V*~s~ in the night-time is only 66--70% of the sap flow in the daytime. The steady sap flow velocity increases as wind speed *U* increases at low wind speeds (*U* \<7.0 m s^−1^) both in the daytime and in the night-time. However, the rate of increase diminishes when the wind speed exceeds 8.0 m s^−1^. The transpiration rate, calculated gravimetrically, displays behaviour similar to sap flow as wind speed increases. The results of this wind tunnel experiment on an isolated plant demonstrate the influence of wind speed on sap flow and transpiration. This is different from observations in natural dense forests because the shelter effect of trees reduces wind speeds and their influence. However, the results from this study have potentially important implications for natural open-grown vegetation.

The results from this study have particularly important inferences regarding the suitability of Granier-type thermal sensors for studies of plant hydrodynamics and plant nocturnal water flux. The suitability of this thermal dissipation sensor for these studies has been called into question recently ([@bib1]). In contrast, the results presented here suggest that the Granier sensor shows adequately fast temporal responses to resolve plant hydrodynamics and nocturnal flux rates in the species studied here. To generalize this conclusion, future studies may repeat the approach taken here to include a wider diversity of plant species and environmental parameters.
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